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The  average  Iclnetic  energy  per  uixit  volume  required  to  produce 
breakup  of  a  diverging,  hollow  conical  liquid  Jet  ie  noaeu##*!  <i  a  *' 
function  of  viecosity,  surface  tension,  and  density  of  the  liquid.  An 
empirical  equation  relating  the  energy,  called  the  ''critical’'  inergy, 
with  the  liquid  properties  is  formulated.  The  "critical"  energy  is  also 
measured  as  a  function  of  noaale  desip  features  using  water  as  the 
liquid.  A  model  is  presented  to  ejqilain  the  empirical  relationship 
between  "critical"  energy  and  liquid  properties.  This  model  for  the 
energetics  involved  in  the  bre.akup  of  the  hollow  conical  Jet  is  tentative. 
Some  of  the  assumptions  of  energy  partitioning  used  in  foraulating  the 
model  are  being  Inveetigated  as  part  of  a  continuing  study  in  conical 
Jet  breakup. 
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BRMOJP  OF  A  DIVEHOINO  CONICAL  JET 


1.  INTaODUCTlON 


Ajjy  description  of  the  aechenlBm  of  aerosol  production  by 

noaales  should  Include  soae  accounting  of  the  partition  of  the  energy 
initially  available  for  the  process.  In  the  case  of  a  single-fluid  nozile, 
the  potential  energy  of  the  liquid  is  converted  into  kinetic  energy  in  the 
closed  hydraulic  ayetem  vhere  energy  dissipation  also  occurs  as  a  result  of 
viscosity.  Nosales  are  usually  designed  so  that  divergence  of  etreaulines 
occurs  at  the  orifice,  causing  an  increase  in  surface  area  per  unit  volume 
as  the  liquid  flows  from  the  noasle  in  the  atmosphere.  Associated  with 
this  increase  in  surface  area  is  an  increase  In  surface  energy  of  the 
liquid  at  the  expense  of  its  kinetic  energy.  This  represents  work  performed 
against  a  potential  gradient  and  therefore  is  conservative .  The  initial 
kinetic  energy  of  the  liquid  will  also  be  exiwnded  in  two  other  way si 

1.  Dissipation  of  kinetic  energy  will  occur  within  the  liquid  ae 
long  aa  any  velocity  gradients  exist  there,  and  this  energy  will  appear  as 
hsat.  As  long  as  velocity  gradients  initially  set  up  in  the  nozzle  exist, 
dissipation  will  result, 

2,  An  exchange  of  momentum  will  take  place  between  the  liquid  jet  and 
the  surrounding  atmosphere,  and  the  loss  in  kinetic  energy  of  the  liquid 
will  appear  in  part  as  air  motion  and  eventually  as  heat.  Since  this 
liquid-air  interaction  necessarily  takes  place  at  the  surface  of  the  liquid, 
the  reaction  of  the  air  on  the  liquid  will  also  tend  to  establish  or 
maintain  gradients  in  the  liquid,  causing  or  prolonging  further  dissipative 
loss. 

I 

Droplets  comprising  an  aerosol  produced  by  a  single-fluid  nozzle  are 
formed  by  the  breakup  of  thin  sheets  of  liquid  or  rupture  of  fine  filaments 
created  in  the  sheet  breakup,  and  if  stability  of  the  sheets  is  maintained, 
;no  droplets  will  be  formed.  Hence,  one  of  the  problems  involved  in  the 
energetics  of  droplet  production  isUhe  determination  of  the  energy 
requirement  necessary  for  sheet  instability,  and  how  the  energy  is  expended 
in  the  process  of  producing  this  instability. 

This  report  presents  in  part  the  results  of  some  experimental  work  on 
the  general  problems  of  the  energy  requirement  for  breakup  of  a  hollow 
conical  jet.  A  hollow  conical  jet  was  chosen  for  two  reasons.  (1)  At 
least  two  types  of  nozzles  in  use  for  the  production  of  aerosols  produce 
diverging  hollow  conical  sheets  of  liquid,  i.e.,  the  impingement-type 
nosuzle  and  the  swirl-type  nozzle.  (2)  The  transition  from  stability  to 
instability  is  easily  recognized  in  the  hollow  conical  jet  from  its  shape . 


2 


. . . . . 


The  action,  of  the  Jet  can  be  qualitatively  de,8c:ri'b6d  aa  followes 

The  hollow  con,ic,al  noasile,  shown  schematically  in  cross  section  in 
Figure  1,  produces  a  Jet  which  will  emerge  from,  the  noiale  at  the  an,gle, 

6,  to  the  ajd,s.  This  expanding  conical  sheet  will  reach  S'Ome  maximuia 
diameter  consistent  'with  the  :lnltA’al"  kinetic  energy  and  physical  properties 
of  the  liquid,  and  then  will  collapse  under  Influence  of  surface  tension 
into  a  solid  stream,  This  phase  of  the  noaale  behavior  is  stable  and  is 
8,ho,'wn  schematically  in  Figure  2,  Is  the  Initial  ki,netic  energy  is  increased, 
a  point  is  reached  where  collapse  of  'the  jet  does  not  occur.  At  this  point 
the  conical  sheet  becomes  discontinuous  and  surface  tension  cannot  act  to 
produce  contraction  of  the  jet.  The  liquid,  having  reached  some'  inaxi.imBn, 
diameter,  flows  in  a  disrupted  sheet  parallel  to  the  nosale  ,axi.s,  i.e.,  ssero 
,angle  'between  the  Jet  surface  and  flow  axis.  3ee  Figure  3. 

This  state  will  be  referred  to  as  the  "critical  state*' .  Likewise, 
the  Initial  velocity  of  the  jet  at  the  nossle  and  the  initial  average 
kinetic  energy  per  unit  volume  for  this  condition  will  be  termed  "critical 
velocity"  andi'^critical  energy". 

As  the  initial  kinetic  energy  is  incre,aB0d  above  the  critical  value, 
continued  divergence  of  the  jet  takes  place,  and  breakup  of  the  jet  will 
occur  closer  to  the  nossle,  as  shown  in  Figure  4, 

•  This  report  will  treat  the  problem  of  the  critical  state  and  will  be 
divided  into  three  parts.  Part  2  will  examine  the  "critical  energy"  as  a 
function  of  the  liquid  properties.  Part  3  will  describe  experiments  to 
determine  "critical  energy"  as  a  function  of  nozzle  design.  Part  4  will 
consist  of  a  simplified  model  for  the  energetics  involved  in  the  breakup 
of  the  hollow  conical  jet  and  will  describe  a  preliminary  experiment 
conducted  to  determine  the  energy  partitioning. 


2,  EFFECT  OF  UjQLID  PHDPERTIE3  OW  JET  BBEAKUP 


A  series  of  experiments  was  conducted  to  determine  the  "critical 
energy"  for  various  liquids  differing  in  density,  surface  tension  and 
viscosity.  To  calculate  the  critical  kinetic  energy  per  unit  volume, 
the  flow  rate  of  the  nozzle  under  critical  conditions  and  the  annular 
area  of  the  conical  nozzle  normal  to  streamlines  must  be  known. 
"Critical  enesrgy"  is  defined  by; 


HE  =  i  pt  (1) 

where  ul-  average  velocity  of  jet  as  it  leaves  the  nozzle  in  the 
critical  state 

■  density  of  the  liquid,  assumed  constant 

KE  ■  "critical  energy"  «  average  kinetic  energy  per  unit  volume, 
and  from  the  equation  of  continuity,  for  constant  density 


UJ  s  annular  iiporation 
R  ■  rodiui  of  nonIt  boil 

e  «  noxclo  half-onpit 
£  «  Jotvfloeity 


Figure  I.  Hollow  Conical  Nozzle 
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NOZZLE  BEHAVIOR  OF  JET  WITH  INCREASES 

IN  KINETIC  ENERGY 


'  \ 

•  \ 


Figure  4.  Above  “critical  state" 
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^  a'  (2) 


wharo  Aj^.  ■  projected  nofcale  area,  peiTp#ndl(i|l*r  to  etreanllMSi 
assiiiwd  parallel  to  noBule  walls'" 

Q  ■  volume  flow  rate 
The  critical  energy  nay  be  rewritten 

The  annular  area,  A  is  calculated  from  the  nozzle  geometry.  The 
eMperla0nt.al,  nozzle  is  aj'jown  in  Figure  5.  The  nozzle  base  ie  coupled 
to  the  upper  portion  or  the  nozzle  with  a  40-11  micrometer  thread.  "0" 
rings  in  the  piston  portion  of  the  nozzle  provided  an  effective  seal. 
The  nozzle  can  be  adjusted  to  any  predetermined  annular  area  by 
advancing  the  base  from  the  closed  nozzle  position  where  contact  is 
made  between  the  centrally  located  rigidly  fixed  needle  and  the  nozzle 
base.  The  area  perpendicular  to  flow  is  given  by; 

Ai .  -n  .{S  -tcOy  U) 

11  PtC«.^0  J  ^  ^  J  . 

where  H  ■  radius  of  the  base  orifice 

0  »  half  angle  of  the  nozzle  .  '  * 

A  ■  h  tan  0  »  annular  separation  of  the  nozzle  in  its  set 
position 

h  ■  vertical  nozzle  adjustment 

The  various  liquids  used  in  this  series  of  experiments  are  listed 
in  Tables  I  and  II .  Surface-tension  measurements  were  made  statically 
with  a  Dunouy  Tehsioaieter.  Viscosity  measurements  were  made  with  a 
"rotational  viscometer.  Viscosities  of  these  solutions  were  independent 
of  shear  rate  and  therefore  classed  as  Newtonian,  All  measurements 
were  made  at  the  time  of  an  experimental  run,  precluding  temperature 
effects  and  effects  of  aging. 

The  experimental  setup  is  shown  in  Figure  6.  For  a  fixed  nozzle 
setting,  the  nozzle  pressure  was  adjusted  until  the  critical  velocity 
for  the  liquid  under  test  was  reached.  The  vo].ume  flow  rate  of  the 
nozzle  was  then  measured  for  the  critical,  steady-state  condition. 

Three  determinations  of  flow  rate  were  made  for  each  liquid,  and  liquid 

properties  were  checked . lafter  each  run  to  determine  the  possibility 

of  contamination.  Average  deviations  for  each  run  were  between  156  and 

3%, 
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Figure  5.  Experimental  Nozzle 


T  -  nitrogen  tank 
R  -  pressure  regulator 
C  -  liquid  chomber 
S  -  solenoid  volve 
L  *  flood  lamp 


W  -  timer 
G  ~  pressure  gauge 
N  ~  nozzle 
B  ~  liquid  sump 
P  -  camera 


Figure  6.  Experimental  Arrangement  I 


Tbrt«  ooaalee  w«r«  used  in  this  asriss  of  tt,3i|>sritiMnt«i,  sach,  wl;fch 
a  lO-dogrss  half  an#«  and  i  0.150"  annular  diaiaetsr  at  the  nO'itle 
e.xii.  Nossie  No.  1  was  constructed  of  brass  idth  a  brome  netdlt* 

Noeals  No.  2  was  Identical  to  nosile  No.  1  In  dssip  but  wu  oonatruoted 
'With  a  stainless  s'teel  base  md  needle.  The  reason  for  this  ehange^  in 
conatrectlon  wai'  'two-^foldj  (1)  'to  prevent  surface  corrosion  and  (2)  to 
see  if  the  aachlniblll'ty  of  the  Eaetal  used'  in  the  nossle  oonstmtte 
could  affect  the  nossle  per^foniiance.  the  needles  in  nosale  No.  1  and 
nosalt  No.  2  protraded  beyond  the  p'lant  of  the  nos'sle  base  with  the 
noaales  in  the  adj'usted  po8l;tion.  Notsle  No..iti|3iM<i'aa  identical  with 
Noaalt  No.  2  enepi  that  thS'  needle  was  shortenedi  so  that  there  was 
no  extension  'beyond  the  base . 


Nossle  1  and  2 


Nossle  3 


Three  sets  of  "critical  energy"  aeasurenients  were  made,  one  set 
with  each  nossle.  Figure  7  shows  rssults  of  the  first  exptrlutent 
using  nossle  No.  1.  A  plot  is  made  of  "critical  energy"  versus  surface 
tension  for  ths  eight  liquids  tested.  Theri^  are  two  points  of  interest 
about  the  plot.  The  "critical  energy"  appears  io  be  an  approximately 
linear  funotion  of  eurface  tenelon  for  solutione  with  the  lower 
viecoslties.  As  the  viscosity  increases  the  "critical  energy"  values 
exceed  those  following  the  linear  rslatlonahlp.  A  viscosity  effect 
la  also  reflected  In  the  spread  of  values  about  the  straight  line 
average . 

A  second  determination  of  "critical  energy"  as  a  function  of  liquid 
properties  was  made  using  noezle  2.  An  additional  number  of  high- 
viscosity  solutions  were  included  in  the  experiment  as  a  check  on  the 
effect  of  high  viscosity  noted  above.  Results  of  this  experiment 
corroborated  the  first.  Higher  viscosity  solutions  with  ths  same 
surface  tension  required  a  higher  initial  average  kinetic  energy  to 
reach  the  critical  state  than  did  the  lower  viscosity  solutions. 

Results  of  this  experiment  are  plotted  in  Figure  8. 


surface  tension  dynes/cm. 


Figura  7  Critical  Energy  vs.  Surface  Tension 
Nozzle  1,  Series  I. 


surfoce  ttnsion  dynes /cm. 


Figure  8.  Critical  Energy  vs.  Surfoce  Tension 
Nozzle  2,  Series  2. 
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A  final  »ft  of  antrgy  »a«'ur«ienti  waa  uada  using  noaalt  Wo*  3, 

'Which  has  th«  ahorttwd  naedle,  ilaculta  for  tha  low-vlacoaltj  aolntiona 
'wara  In  ganaral  agratoen't  with  those  uaing  .noaalos  1  and  2,  Howa'var,, 
antrgjr  :raqul.re:iJiant  for  tha  "critical,  stato'"'  Mi,th  highar  'Viiacosity 
solut.lont  was  consldarably  graatar.  Results  are  ahom  in  Figure  9. 

Tha  data  l,ndicate  that  the  kinetic  ena,rg]r  value8'"plot'ted  against 
a'u,r,face  tension  ,Bd,gh't  lie  on  a  faiid.ly  of  curves,  where  the  paranneter 
i,n  viscosity^.  If  'the  ratio  of  kinetic  fnarjjjy  to  surface  tension  is 
plo't'ted  agai,nat  visco,alty,  a  relationaldp  is  obtal,ned  as  shown  in 
Figure  10  ,fo,r  'the  data  of  aeries  3. 


This  data  can  be  .roughly  approxiinated  by  two  straight-line  equations 
for  'two  viscosity  ranges. 


-  •> 


I 

1  '*1  +  c., 

0  a  vj  S  «r  Cf 

(5) 

i  7* 
jr" 

'^'1 

fd  If  *  C*p. 

(6) 

where'Jy  -7-5  **)  -  viscosity,  centipoises 

or  •  surface  tension,  dynes/cm 
Cl,  C2,  ki,  k2  ■  constants 


This  indicates  that  kinetic  energy  as  a  function  of  surface  tension 
can  bo  eaqpressed  by  a  family  of  straight  lines  with  slopes  a  function 
of  viscosity, 


MM  ^ 

^  P  'Tl, 


*  <r* 


♦►c,  (T 


from  (5) 


(7) 


The  straight-line  relationship  in  Figures  7,  8,  9,  for  an  average 
viscosity  of  2  c.p.  is  one  of  a  family  of  straight  lines,  with 
viscosity  as  the  parameter. 

The  larger  critical  energy  requirement  for  nozzle  No.  3  is 
reflected  in  the  valw'  of  K2,  which  is  higher  than  that  for  nozzles 
1  and  2.  See  Figure  lii. 

Elimination  of  the  free  metal  surface  of  the  protruding  needle 
of  nozzles  1  and  2  has  increased  the  stability  of  the  jet,  since 
for  a  given  critical  energy  value  for  these  nozzles,  breakup  has  not 
yet  occurred  in  nozzle  3.  The  value  of  k2  is  probably  some  measure 
of  the  jet  stability. 


riteotily  C-p. 


Vis^isity,  Nc^zle  3,  Smes  3. 


lh«  critical  tnnrgjr  appeared  to  be  independent  of  the  leynold'a  Wdtiibeir 
for  the  loMwvlscoaity  range.  He^ynold'e  Number  waa  oomptod  uaing,  the 
"hjdraiilic  .leaft  depth" ,  defined  as  the  rat^lo  of  area  to  wetted  periieeter 
of  crO'Sf  section,  "its  use  is  baaed  on  the  a8S'U«ip'tl,on  that,,  for  a.  giien 
area,  the  resistance  to  flow  depends  upon  the  saount  of  fluid  in  contact 
with  the  surface.  For  the  high.-fiscotity  range i  critical  energy  appeared 
to  be  a  decret8:lijg  function  of  lieynold's  Number.  The  value  of  the 
Reynold' a  Humber  in  this  region  depends  stTOngly  on  viscosity,  and  the 
apparent  dependence  of  critical  energy  on  Reynold's  Miuraber  probably  reflects 
Its  dependence  on  viscosity.  Figure  11. 

The  two  st^ralght-llne  regions  given  by  equation  5  and  6  may  possibly 
represent  two  conditions  of  Jet  stability.  And  the  transition  between  the 
two  can  'be  oharacterlaed  'by  a  fixed  value  for  the  Reynold's  Huiiiber.  Figure 
12  showf  t'he  c.ritlc,al  ener^gy  as  a  function  of  Reynold's  Number.  Critical 
energy  li  Indipaiidant  of  Reynold's  Number' for -a  value  of  R>500,  Figure  13 
is  a  plot  of  critical  enir,gy  versus  viscosity  and  a  discontinuity  is  found 
at  a  viscosity  of  appro, ximately  5  cp.  Figure  14  shows  the  empirical  plot 
of  equations  (5)  and  (6)  and  the  tran.8ition  'takes  pla,ce  at  nsas,5  cp,  corres,- 
ponding  to  a  Reynold's  Number  of  ca?500  as  shown  by  Figure  11. 

The  ratio  of  critical  energy  to  surface  tension  when  plotted  against 
Reynold's  Number  gl,ve8  evidence  of  a  discontinuity  at  500<Hi<600,  For 
values  of  IL>500,  the  ratio  is  independent  of  I||  whereas  for  R<500  the 
ratio  Is  depsndsnt  on  R,  reflecting  the  dependence  of  H  on  viscosity  in 
this  region.  3ee  Figure  15.  rience,  J^50O  may  represent  the  transition 
between  two  regions  of  Jet  stability  and  the  transition  may  be  from  a 
condition  of  turbulent  to  lajidnar  flow  in  the  noaale. 


Sumary  of  Fart  2 

1.  The  average  Iclnetio  energy  per  unit  volume  necessary  to  produce 
breakup  of  the  expanding  conical  Jet  is  a  function  of  viscosity  and  surface 
tension. 


2,  The  dependsnoe  of  this  "critical  energy"  on  viscosity  is  probably 
due  to  three  faotorsi 

(a)  Viscoue  lose  in  energy  due  to  velocity  gradients  in  the  liquid, 

(b)  Inherent  stability  of  the  jet  as  a  result  of  type  of  flow 
through  the  nozale. 

(c)  Stability  of  the  Jet  as  a  result  of  the  damping  of  disturbances 
which  migl’.t  otherwise  have  a  disrupting  effect.  Increased 
etability  would  enable  more  work  to  be  performed  both  in 
storing  surface  energy  and  In  working  against  friction. 


Figure  1 1.  Relationship  Betw^n  Vis^isity  qimS  R^^ld's 
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3.  KMCT  OF  3m  \\mm  of  MOZM  D.E31QM  om  jw  bcakhp 


k  fl«rl«8  of  •,j|)«:ri«e'ntB  nm  perfonwsd  to  corr«la:t»  '''critical,  anargy" 
idt.b  tba  folloMlng  co.iiical  no**l<j  diiiiprj  faitureii 

1.  lEidlua  of  nMa.Le  annulua,  H 

2.  Width  of  no«®l#  ajnimliu8,a) 

3.  Mdsslo  vigl«>  6 

Th«8«  fflaiuros  are  fth.oiim  in  Flgare  !• 

Two  'f.il.'ue8  we,re'  c.hoffn  for  'tach  paramt'eri  ri8ii,ltlng  in  fllgh,t  different 
coBbinatlonf .  This  required  the  machinlJig  of  four  noatle  bajies  and  four 
ntedlee,  and.  afforded  a  two-point  plot  of  '"criilcal  energy*  versut  a  given 
des:igp  fettorei  wl.th  the  reminlni  two  aarvlng  ae  paranetere. 

Other  apparatus  Included  a  Sylvania  BA-210  hlgh-epted  flash  eource 
with  an  ifprailiiate  A-ilcrosecond  flaab  duratloni  a  eirotoe  unit,  and  a  45 
aluminum,  sector  .mcwnted  on  a  var,lable-fpeed  motor.  This  equipment  was 
used  In  photographing  the  conical  Jets  and  in  determining  Jet  velocity. 
Distilled  water  was  ueed  as  the  test  liquid. 

The  experimental  arrangement  for  this  series  of  experiments  Is  shown 
schematically  In  Figure  16.  The  position  of  the  no® ale  was  adjusted  so 
that  the  point  of  breakup  of  the  Jet  in  the  critical  atate  lay  in  the 
plane  of  the  horiaontally  mounted  aluminum  sector.  With  this  adjustment 
made,  the  sector  was  rotated  by  the  variable-speid  motor  and  allowed  to 
"chop*'  the  jet  in  the  critical  state  at  the  point  of  breakup.  The  angular 
velocity  of  the  sector  was  measured  stroboecoplcally  during  this  sectoring 
proclsaj#  and  a  high-speed  flaeh  photograph  was  taken.  Illumination  was 
triggered  by  the  sector  as  it  passed  through  the  Jet.  A  second  photograph 
was  made  of  the  Jet  in  the  critical  aUte  without  its  being  sectored. 

Volume  flow  rate  as  a  function  of  preesure  was  measured  for  each  noxzle, 
and  the  critical  volume  rale  of  flow  was  determined  from  the  photographically 
recorded  no®®le  pressure  at  the  critical  atate  of  the  jet. 

The  critical  energy  was  defined  as  in  Part  2,  the  area  of  the  nozcle 
annulus  perpendicular  to  the  flow  being  calculated  from  the  nozzle  geometry. 
Results  of  critical  energy  determination  as  a  functioo  of  nozzle  design' 
features  are  plotted  in  Figure  17.  In  general,  the  critical  energy 
decreased  with  increased  angle,  annular  width,  and  annular  diameter  for 
each  nozzle.  The  dqpindence  of  critical  energy  on  angle  was  more  marked 
than  it«  dependence  on  other  design  features. 


‘IHfHliilliii 


TOP  ViEW 


C  -  camtra 
L  hi  ah  spotd  flosh 

T  -  trfggtr  contact 


N  -  nozzit 
S  -  sector 
ST-  stroboscops 


FRONT  VIEW 


Figure  16.  Experimental  Arrangement  I 
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A  i««aiur«  of  t,h#  tliicknoss  of  the  coi»:i;cal  sheet  at  point  of  breakup 
was  o'bt,ained  froii  photofrti'ihs  of  the  interrupted  Jets. 
thO'  Jet  was  calcul,ated  by  uaini;  the  .rotational  velocity  ol  the 
sector  and  a  mieasur'iMint  of  the  interrupted  Jet  iroia  the  photograph  accord¬ 
ing  toi 


where  apparent  Jet  velocity  cm/eec 

if  •  rotational  frequency  cycle  s/sec 
L  '■  interrupted  Jet  lon,gth,  cm. 

Also,  the  diaoeter  of  the  jet  at  point  of  breakup  was  dete,rfflined  fron, 
the  photographs,  and  from  the  equation  of  continu,ity  the  apparent 
thickness  of  the  conical  sheet  could  be  detonnl,ned. 


it  1  9 


(8) 


where  9*  volume  flow  rate,  cm^/aec. 
d  •  Jet  diameter,  cm. 

apparent  Jet  thickness. 

Hesults  of  this  determination  are  plotted  in  Figure  18.  The  apparent  sheet 
thickness  decreases  with  Increased  angle  and  increases  with  increased  nozue 
diameter  and  annular  width  for  each  nosale* 


The  values  of  the  apparent  sheet  thinness  were 
of  magnitude,  the  average  value  being  3*49  x  10"3  cm  £  0,70  x  10  ®verag 
deviation,  in  the  calculation  of  sheet  thickneso  from  the  measured  jet 
velocity,  a  uniform  circular  annulus  was  assumed,  which  in  practice  was 
not  the  case,  since  surface  irregularities  did  exist.  Hence,  the  term 
'•apparent**  is  used  to  express  the  thickness  the  sheet  would  have  had  if 
the  cross-sectional  area  had  been  regular. 


The  sheet  thickness  at  breakup  can  be  related  to  the  critical  energy 
by  an  expression  for  conservation  of  energy  *  If  one  assumes  that  the 
kinetic  energy  due  to  the  horizontal  or  radial  component  of  velocity  of 
the  liquid  per  unit  volume  at  the  nozzle  is  expended  in  storing  surface 
energy  and  in  doing  non-conservative  work,  the  following  expression  can 

be  written: 


(9) 


apporsnt  ihHt  thiekntit  -  inehfs 

Figure  18.  Relationship  Of  Apparent  Sheet  Thickness 
To  Nozzle  Design  Features. 
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'Whtn  §  ■  half  >angli  of  th«  noasle 
'T|  •  in:tt:la.l  il»«t  thlckneia 
T|,  ■  final  shtet  thlckiwsB 
If  ■  lni;tl,al  critical  volocity 
<r  ■  surface  tension 

■  torm,  6,)(p:rea8ing  dissipatiw  loss,  in  energy  In  horliontal 
direction . 

There  Is  no  term  on  the  ri#t  side  of  equation  (9)  involving  kinetic 
energy,  since  at  point  of  hre^akup  the  radial,  comjsonent  of  velocity  1,8 
Mro.  3de  below, . 


X 


( 

1 

i 


i-lr 


From  equation  (9)i'  an  expreaeion  can  be  written  which  will  c.haracte,rise 
each  combination  of  notale  design  features.  The  ratio  of  the  chan,ge  in 
surface  energy  to  the  initial  kinetic  energy  available  for  this  conservative 
work  will  be  called  "noaale  efficiency",  and  will  be  a  measure  of  the 
efficiency  of  the  noasle  in  producing  a  transformation  of  kinetic  energy 
to  surface  energy  per  unit  volume. 


Em  • 


X  .  d;\ 

JjL-Zil 


s  1 


E  •  "noaale  efficiency'' 


(10) 


These  "nozzle  efficiency"  values  are  plotted  in  Figure  19.  The 
dependence  on  angle  is  again,  as  in  the  case  of  critical  energy,  stronger 
than  the  other  design  features. 


The  dissipative  term  in  Equation  (9)  affects  the  nozzle  efficiency 
and  results  from: 


(1)  velocity  gradients  in  the  sheet 

(2)  interaction  of  the  sheet  with  the  atmosphere. 


/ 


OJ 


1.0 


nozzia  efficiancy 

Rgure  19.  Relotionship  Of  Nozzle  Efficiency  Values 
To  Nozzle  Design  Features. 
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tta  jit  f  tb*  vqiiwiisii  of 

mnoM  Umi  ^  '••tonoljuil,  tt  1»  raaocnaU*  to 

« tb.  bn:cir,jrib"L  ““ 

B  ■  D  ♦■  D'l^  (  Xlj 

whtrt  ,PI  e  potifltlal  tnar^  of  Urn  licpild  p«r  unit  voluii 

H  ■  klnitlffl  onorer  ••  liquid  i*tv#a  th#  noiil# 

triUBforwition  trm  ;pot«ntial  to 
Kluitic  Miirgy,  dut  to  ilacoui  akiMir. 

II 

«=*» 

VjJ' 

(12) 

ihor.  J  -  ^  fV  5-  .  ooiooltf  wotoi,  Hr  s  ooliaa  olawit. 

Conatqtuiiitlj,  the  rate  of  diaaipation  per  unit  voluie  la: 

^HaJ-  a-  7?|  (V  if'J  P 

Aeauilng  ateadjr  flow  parallel  to  the  noezle  axia,  then 
I  V  )i  iirl  s  I  i-'*fi  j 
where:  r  m  radlua  vector. '  ^ 

Hence,  the  average  rate  of  diaaipation: 
j— :  ^  -j,  in 

TvjT  7  7*“ 

**  I  Ja.  I 

And  the  average  diaaipation  in  the  noaale  per  unit  volume: 

Dh  =  ^  •  7 

^  ^  ^  (13) 

where  t  .  average  time  for  a  unit  volume  to  flow  through  the  nozzle, 


^  t  - 

fr  -  /  W 

vhtrt^  a  lingtli.  ol'  noislt  orlfiot 

ijr  s  ivtrtgt  vilofllty  of  lipid  diflutd  byi 

'awiiii,  A 

Hj*'  ,A\  j  ■»  V 

,  «  oroHO-ttetioiMl  troa  of  aonalo 
Q  m  ToluMi  Aov  :rat«. 


Uolng  (U),  this  avtrigo  :lnltiil  folocltjr  gradltnii  oould  ttm  bo  ctlculttod, 
for  Moh  nosaloi 

r.  ->'\  li 

r| 

L~'T7— ^  j 

whtri  P  r  gag*  proBB'ura  ia  dynaa/am^'  In  tb#  liquid  roiarvoir  at  iha 
noatla  entrance. 

Critical  anarff  and  diesipated  energy  in  the  free  jet  are  an  Increaaing 
function  of  thla  average  initial  velocity  gradient,  Curvea  are  drawn  in 
Pigure  20  as  linear  approadmatlonfl.  Aefuming  linearity,  it  foUowa! 

D  -oC  KE  +  C  (15) 

D  ■  dlBiipated  energy 

KE  ■  critical  energy 

C,«r  ■  conatantB 

A  plot  of  diaflipated  energy  veraua  critical  energy  indlcatea  c  «  0,  and 
the  diaalpated  energy  ia  an  apprcaclfflately  linear  function  of  the  critical 
energy.  See  Pigure  21. 

Rewriting  (15): 


where  <7C  s  0,040  f  0,016  average  deviation 
The  average  nozzle  efficiency  can  be  written; 

E=  I'-H-IQ  ~  Q-  W 

This  shows  that  the  average  nozzle  efficiency  for  the  jet  in  the  critical 
state  is  a  function  of  ©•  alone  for  this  range  of  6  since  R  is  independent 
of  0,  Two  values  of  E  calculated  by  (16)  agree  with  the  average  value 
of  the  efficiencies  of  all  nozzles  with  the  same  nozzle  angle  0. 
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Ihi  .flufitittitlttB,  o£_  thf  •fflcliiMltf  About  th«  avfti«f«  lor  a  glfw  Anflo 
tr#  rilJwiotid.  in  ttiA  ApT'iid  of  iht  fAloA  &c  ,  'IMj'  oproid  uij'  bo  dno 
*!-?!'  'volMlty'  |i«.dl'fiit  for  a  glm  Angla^,  fto  iucHfldMl 

iiflolonoloii  AOKm  to  doerotao  with  an  inoraaao  in.  both  InltM  avorop 
Viliooltar'  fnidlont  .iM  .tnltiAl  Avor«.p  valoolty.  fbooo  Mtior  two 
'quAntltloo  Art  of  oourao  .not  Indipondont  of  tAoh  othor.t  Sto  .Plpjpo  22* 
lotalAi  iffiei.fooj  ao  a  fHrastl,ofi  .of  An,gli  un  bo  conoidorod  fr«  two  poMi 
of  vl«'..  For  tTO  .noas.lao  wit.h  dlfforoot  angloo  but  oquAl  .annulAr  dtaaifitor 
ud  .tnniilAr  width,,,  tho  Initial  onorgjr  ofAilablo  .for  work  in  tho  dlT'OCtlon. 
.noiml  to  tho  .nooilo  miM  mSm  o.rltioAl  conditiono  ia  of  tha  «uia  ordar 
of  napltudo*  lha  iota,!  klnatlo  onorgy,  howavor,  waflof  liwaraoly  aa 
8:in  8*.  flino:a  tha^  onariy  diaaipatod  ia  diroetly  proportional,  to  tho  to'tal 
.Idaotlo.  on.ariy,  tho  affiolano.ioi  of  tha^  'two  noiilaa  diffor,  duo  to  tho 
.inoroa,aod  onorgy  dloaipatloa,  i.o. 


A  -  conotant 


OTi  aocondly,  if  tha  ann'olar  width  could  bo  warlod  in  auch  a  way  aa  to 
prodnca  tha  aaaa  critical  onorgy  for  two  difforont  angle  taluoa,  then 
tha  diaalpation  would  bo  fixed  and  tho  inoraaead  offlcioncy  for  the  noszle 
with  tha  larger  angle  would  reflect  tho  greater  availability  for  work  in 
atorlng^aurfaco  energy,  Honco,  the  actual  atorod  aurfaco  energy  ia 
lncroa.8od  ao  wall  ao  tha  afflcitncy  of  tho  prooooo  involved  in.  its 
otorap* 


i  f  •  B 


B  =  conotant 


(5  Sv"q  .  rt  t  i> 


SE  ■  ourface  energy 
D  m  conotant 
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volocity  grfldfont—  '/sec. 


FiQure  22.  Relationship  Of  Critical  Velocity  ond 
Velocity  Gradient  To  Nozzle  Efficiency. 


md  th*  diff«:r«nci  in  fwrfne*  tmrgy  for  th«  two  Aai,  la  flwn 


nfi  tBif 


ltopi«ld*f  iiiiberi  for  th«  tight  notalt  coihi, nations  virlsd  froa  566 
to  2594,  'ind  thtrs  waa.  no  appu'wt  corrtMlon  bttwstn  Land  th«  'various 
msaturtd  valuiiB, 


ta.  •■plrlc.al,  s.jiiinati,<m  was  uds  of  th*  total  •fflcltnoy  of 
noB’Bl®!^  diflned  as  ths  ratio  of  wurfact  snsrgjr  ptr  unit  'volujs#  at 
of  bctakip  'to  ths  initial,  .potsntial  energy  per  unit  voluae  In  t,h# 
i.#.,  the  prsssurt 


. . . . . 


saoh 

point 

notiloi 


whsrt  E|  ■  total  efficiency 

appa,rent  sheet  'thickness  at  breakup 
-  Bur,face  tension 

T  ■  pressure  in  dynes/c*^  in  the  noaale  at  the  cri,tical  state 
of  the  jet. 

This  empirical  treatment  shows  that  a  -J*  1  If/i  a  4.. 

,fbr  all  nosBles.  Values  of  1^  werei 


■ - r 

h 

Summary  of  Part  3 

(1)  The  average  kinetic  energy,  defined  by-^jS^  **.  ,  where  ^ 

Q  »  volume  flow  rate,  Ai  •  cross-sectional  area  of  nozzle  perpendicular *to 
flow,  necessary  to  produce  breakup  of  an  expanding  conical  jet  of  water, 
was  measured  for  eight  hollow  conical  nozzles  differing  in  annular  width, 
annular  diameter  and  angle.  With  any  two  of  these  design  features  as 
parameters,  this  "critical  energy"  was  a  decreasing  function  of  the  third 
nozzle  dimension. 
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(2)  Tto  .(uppirwt  sh«#t  tMckn«»S|  bt#»d  on,  t'<Miilfom  oro«,i- 
Motlon,,  Mi  bj'  a  ■viloo.lty  d(itiminat,ion  of  the  jot  ,tt  point  o,f 

b,rffliilc«p.  fMi  M.i  .found  to  eiry  i,llihtly  idib  the  varloua  doalp 
.ftaturoa,  daorotBlng  Mi  angle  .and  Inoroailng  id:th  'dlaaiotor  and  annular 
Mldth,  Aftragt  thlckno,i»  ftor  all,  tho  j«t»  ma  349'  x  10-3  c»,  £  aS , 


(3)  fbo  energy  dl8ii,patod  In  triani,fonRl,ng  kinetic  energy  into 
^■ur,face  ine.rgji'  and  tliO'  'Critical  energy  were  both  l,ncr«a;0ing  functions  of 
'the  awragi  ini,tl,al  vilocity  gradient.  The  ratio  of  these  tw  energies ' 

Mi  a,  const, ant  .for  ,all,  noiiloi  'indthin  4Ql6»  the  average  "noitle  efficiency", 
for  a  given  ,ang,lo  val,ue,  agreed  within  8!*'  of  the  value  calculated  using 
the  constant  "lo'iile  efficiency**  1,8  defined  as  the  ratio  of  the  change  in 
iurftce  energy  of  the  Jet  per  unit  voluiBe  m  It  expanded  to  the  point  of 
breakup  to  tJie  k.i,net,l,c  energy  due  to  the  Initial,  radial  component  of 
velocity, 


U,)  ,F'or  a  given  Mgle,  there  was  a  spread  in  va,lueB  of  noiule 
ef i,icl,ency «  In  p,neral|  nO'CclS  efllciencieB'  increased  with,  angle  and 
annu,la:r  ’width,  the  dependence  on  the  foraer  being  doiiiil,nant. 

(5)  The,re  was  Indication  of  a  correlation  between  no«*le  efficiency 
and  both  .average  Initial  velocity  gradient  and,  critl,cal  velocity.  This 
could  e,)(|)lai,n  the  ipread,  of  values  about  the  av0,rage  value  for  a  gi'ven 
noB'jtle  angle. 

(6)  The  total  efficiency  of  each  noaale,  defined  as  the  ratio  of 
eurfacs  energy  per  unit  volujno  at  breakup  to  the  potential  energy  per 

unit  volume  ,ln  the  noaile,  i.e.,  the  pressure,  could  be  expressed  empirically 

where  0  -  nozzle  half  angle  for  the 
15°  €  0  £  30°  range 


6*  A  glMPUJIED  MODEL  PQR  THE  EMBR0ETIC3  INVOLVED 
iBEAkUP  OF  A«  MPAMIING  CQNTCAI  .IkT 


There  is  much  work  in  the  literature  on  liquid  jet  phenoineina  both 
of  eaiperlmental  and  theoretical  nature.  Investigations  date  back  to 
the  latter  half  of  the  19th  Century  when  such  workers  as  Rayleigh, 

Plateau,  3avart  and  others  considered  the  problem  of  Instability  of  a 
solid  jet.  In  Rayleigh's  classic  paperi/instability  is  discussed  from  two 
points  of  view.  The  first  approach  considers  the  disintegration  of  an 
infinite  cylinder  as  a  result  of  Initial  surface  disturbances  building 
up  under  influence  of  surface  tension  and  disrupting  the  mass  in  such  a 
way  as  to  decrease  the  original  surface  area.  The  other  point  of  view 
is  concerned  with  instability  of  a  jet  in  a  frictionless  fluid  medium, 


IJ  See  Bibliography 
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OjniaiO'  .roAOtion.  of  t.bt  air  aurrouiMli.ii|;:  a  sO'lld  Jot  wa  invoiftlpiad 
'by  I«bor3i*»  idho  fbmd  that  air  friction  dfcrotstd  th#  wa»  longth  of 
oAcillAtions  and  shoriAntd  the  'broakup  diatuea.  Castlanan^  oiiet  air 
ruction  10  th«  prlinary  cauao  for  atonlMtioii  in  solid  Injsoiion  Morkj 
and  ojqportianta  coMuotad  by  D.  W.  Laa^  on  fual  jata  ahowed  that  inoratiad 
atnoapherle  prasisura  incraasad  tha  diaruptlon  of  a  Jat* 

It  wnld  ap'paar  that  the  dynamics  of  Jat  aoition  inwlva  "snrfaca 
bansioni  viscosity^  and  raaotlon  of  tha  ataosphare  sumunding  the  Jet| 
and  any  investigation  of  jetSi  such  as  stahilityi  kinaaatlo  analjsiSi 
or  energy  aeasuremants  should  taka  into  consideration  theoa  factors. 

The  hoMow  conical  jat  is  discussed  'by  several  authors.  ,Hod,glkinaon7 
has  made  a  theoretical  malysle  of  thO'  ^ahape  of  a  conical  Jet  as  controlled 
by  surface  tension.  Effects  of  viscosity  and  any  atiospharic  reaction 
were  not  taken  into  account.  The  justification  for  neglecting  air 
resistance  was  a  low  Jet  velocity.  He  found,  for  low  Jet  velocities, 
t:ha;t  the  theoretical  shape  of  the  jet  agreed  reasona'bly  well  with  that 
obtained  experisKintaliy  for  water.  F.  H,  Garner,  A.  H.  Nissan,  G.  P.  *  , 
Wood”  used  the  conical  jet  to  measure  the  smallest  initial  value  of  kinetic 
energy  necessary  to  shatter  a  Jet.  This  energy  they  temned,  "rupture 
s-trength",  and  found  its  value  to  be  a  linear  function  of  surface  tension. 
It  was  found  to  be  Independent  of  viscosity  and  Reynold's  Muniber. 

In  the  present  discussion,  an  attenqjt  is  made  to  develop  a  siii|)liried 
.model  for  the  energetics  involved  in  the  breakup  of  an  exp.an,ding  conical 
Jet,  The  effects  of  viscosity  and  atmospheric  reaction  will  be  included 
in  the  model,  since  theory  and  experimental  work  indicate  the  influence 
of  these  factors  on  Jet  action. 

A  diverging,  hollow  conical  sheet  of  liquid  issuing  from  an  annular 
orifice  will  possess  energy  In  three  forms.  It  will  have  potential  energy 
with  respect  to  soma  reference  plane  in  the  gravitational  field,  it  will 
possess  surface  energy,  and  finally  it  will  have  kinetic  energy,  all  of 
which  can  be  expressed  in  terms  of  a  unit  volume.  The  subsequent  dynamics 
of  the  Jet  will  depend  on  the  way  the  various  energy  components  are 
partitioned  and  the  nature  of  the  forces  acting  in  the  system.  The 
"system"  is  comprised  of  tha  liquid  Jet  and  the  surrounding  medium  into 
which  the  jet  issues.  In  this  disoussion,  the  medium  is  air  at  atmospheric 
pressure.  Stored  energy  due  to  shear  stress,  such  as  may  be  present  in 
visco-elastic  systems,  will  be  neglected. 

At  the  orifice  of  a  diverging  conical  nozzle  where  the  effects  of 
hydrostatic  pressure  of  the  closed  hydraulic  system  are  zero,  there  are 
four  forces  acting  in  the  liquid-air  system; 

1.  Surface  tension  forces, 

2.  Gravitational  forces, 

3.  Frictional  resistance  of  the  air  parallel  to  the  motion  of  the 
jet  surface, 
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4.  Frlctioiml  imcm  in  th«  jet  iteelf  4m  to  tlit'  viscoiity  of  the 
liquid,  and  any  telocity  gradients  present. 

Th®  epace  i,ntegrale  o,f  these  forces  wiU  detoriatni  the  nature  o,f  the  change 
in  the  partitioning  o,f  the  inl,tial  energy  of  the  ejstei. 

The  initial  energy'  per  u:nlt  volume  of  liquid  at  the  ortfico  1,8 
part,itloned  In  the  ,foll,owi,ng:  wayi 

1.  3urfa,o,e  enorgyi 

S  a  (1) 

'Where  3  •  aurfa,c«  energy  'per  unit  vo1:iii«ib> 

O'-  surface  tension  of  moving  S'urface, 

T,  ■  Initial  film  thicknese 

This  is  true  for  m  adia'batic  process.  ,Por  an  isothernaa,!  process,  an 
additional  term  in  total  surface  energy  is  required  to  account  for  heat 
transfer,  i,.e,.| 

Reference  (9) 

where  absolute  temperature. 

Adiabatic  conditions  will  be  assuised  in  this  discussion. 

2.  Kinetic  energy* 

where  <ra-  initial  average  liquid  velocity, 
p  ■  liquid  density. 

3.  Gravitational  potential; 

£r  : 

where^»  gravitational  constant. 

Vu«  height  above  an  arbitrary  reference  plane. 

The  energy  per  unit  volume  at  any  point  in  the  jet  in  the  steady  state 
will  be  a  function  of  the  initial  energy  and  space  integrals  of  force 
acting  during  the  time  an  element  of  jet  has  been  in  motion.  If  the 
energy  per  unit  volume  of  the  jet  can  be  measured  at  any  subsequent  time 
after  the  volume  element  has  left  the  nozzle,  then  something  of  the 
nature  of  the  forces  at  work  in  the  system  can  be  deduced. 


th*  'MfMwanMA  K  »r4.*.ic*i  •wM-t  %  c«njiiif  of  t'lwQi  tirjii.  If 

!•  .t «.  poij  li 

1»  flurfao®  ®iii«rgjr'i 

s±.  ii  jLiir 
>f 

white  T2  -  final  flii,  thicto«8». 

ip 

« •  Ilfletlc  e:nei*gy'i 

m .  ^ 

(4) 

whep®?|«  final  averait  jet  velocity. 

th.  point  or  h^okop.  Thi. 

1.  DlMlpaUon  in  th.  liquid  „  .  „.„it  ».locltp  gradimt.. 

v-iooit.  ^rKt”  .r.i:i:fi:^  o^UZToiJdnsf" 

knowledge  of  the  boundary  condition*  fn  tkl  5!®^"?^®“  ^ 

is  lacking,  an  admittedly  over‘-aliiinHf<*H  k  knowledge 

».hi.  th:’di..iSi»t  rss  J 

Uqu^l.^ o7:.t  ut  ^  tUl’i  ^  “■ 

the  atmosphere,  are  entirelv  confwJ  ^  interaction  of  the  sheet  and 

aurrac.  of  th,  .L"t  <>”  th.  .xt.n.a 

tog.  coapar«l  to  th.  boundary  lay^,  .dll  *“ij' 

The  boundary  layer  will  have  a  llnllr  .if  profile. 

Jf  «y«r  mxi  nave  a  linear  velocity  profile.  See  Figure 


Figure 
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til#  wloclty'  iridiimt  tti  -up  .ij*  th#  boundtiy  l#y«r,  'ir,  !•  du#  to 
t  drt|  (oroi  lotlng  on  tli#  ontiido  theei  turfto#  by  th«  atmosphtr#  md  tha 
Pilatilf#  ahoat-ataoapbara'  valooity*  Call  tliii  tvartga  fore#  ovar  tlia 
tutlra  Itngth  of  tha  jat  acting  on  a  unii  t«a,  I, 

Than 

»  27in 


But  this  foroa  raacta  on  tha  Jat  'body  tonding  to  raUrd  it®  motion,  md 
th#  loss  in,  ,kin#tic:  «,n«rgy  of  th*  Jat  body  wl,U  appaar  as  diaaipation  by 
th#  p,rodu,ction  of  heat  in  tha  bounAi,ry  layan*  Hone#,  th#  diBsipatloil  po,!* 
unit  'folua#  o,f  jat,  0,  during  tha  jat  motl,o,n  from  the  noiala  'to'  th#  pol,nt 
of  :instability,  1,®  gi'van  hj  the  .space  integral  of  thi®  fore#  per  'unit 
TOluflw  over  'the  di  stance ,,X, 

U  s  ff  1  -Jl- 

T»Z¥Tl 

idiere  f  -  average  sheet  thickness  independant  of  X  , 


Hence 

H:  a  ^  (7) 

T 

Using  aquation  (13),  Part  3,  another  expression  for  tha  dissipatian  per 
unit  volume  can  be  written  in  tenus  of  th#  average  velocity  of  the  Jot 
body,  V,  over  the  length,!. 


(8) 


Equating  this  to  equation  (7) 

jU*  *.  X 

Ia.  j  (9) 
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2.  Kiuttlfl  mmrgy  lii|iiirt#d  to  .lir  bj  inttriotton  'tdib  a  u«l:t  voluiw 
of  Jit,  Mi^,, 

l(|iiiatl;in,|  iol'dal  iutriy  and  , final  onorgy  of  tha  j«t  per  unit  iroluie'  at 
point  of  brtataip  flteit 


X(^wa 


(10) 


The  work  performed  by  the  Jet  on  the  air,  It  giiren  byi 

f  a»a,  Jl  n  in  Ji 


«A. 


(11) 


Ihii  equala  the  dlsalpatioin  in  the  jet,  as  ejpreeeed  in  equation  (6)  and 
the  kinetic  energy  Imparted  to  the  air  equals  the  dissipation  in  the  Jet, 

The  average  velocity  gradient  in  the  Jet  is  a  function  of  the  velocity 
gradient  initially  present  in  the  Jot  as  it  leaves. the  nozale  and  the 
gradients  set  up  in  the  jet  as  a  result  of  the  outside  Jet  layers  inter- 
act,in,g  with  the  a:tmo8phere.  If  a  velocity  gradient  e,xl8t8  in  the  jet  in¬ 
itially,  and  the  outside  jet  layer  has  soro  intial  velocity,  then  t,he  force 
tending  to  accelerate  the  slower  moving  jet  layer,  F,  is  given  by 


pa'? 


ftQ 


SLA 


ii,  J 


This  force  will  be  initially  unopposed  since  the  reaction  of  the  air  on 
the  Jet  results  from  the  jet-air  relative  velocity.  As  the  outside  layer 
gains  in  lelocity,  it  will  eiiperieiice  a  retarding  force  because  of  its 
Interaction  with  the  air,  and  this  force  will  tend  to  retard  the  decrease 
in  the  velocity  gradient  initially  present  in  the  jet. 

Hence, 


(12) 


. . III. 
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SOM  sn«:rg]r  iS'  diosipAtti  in  the  Jst  ilills  outside  Iuye:r  Is  being 
Aoeolertts'd  to  t:be  point  where  |  is  eftsblisbedi  hswi:ng  been  defined 

AS  thei  ¥Al:ue  of  feiooilty  gradient  necessfry  to  account  for  the  total  energy 
dissipation  M  the  Jet.  In  other  wordSi  |  alone  does  not  aceouni  for  this 
average  veloo.lty  gradient,  but  the  latter  la  also  a  function  of  the  .Initi'al. 
velocity  gradient . 

To  simplify  the  treatment,  equation  (U)  will  'be  aasuned,  since 
estimation  of  the  degree  of  inequality  has  not  as  yet  been  made. 

Hence,  equation  (11)  eoqpireBaed  in  terms  of  a  unit  voluM  of  liquid  equals 
(7}».And  (10)  may  be  rewrittent 

tpA'  *■«  (13) 


where  gravity  is  neglected. 
Rearranging, 


The  empirical  equation  reported  in  Fart  2  relating  the  critical 
energy  with  viscosity  and  surface  tension  may  be  compared  with  (13) . 
Ibr  a  viscosity  range  of  o«in<rei»p,('it  was  of  form 

*  fti-H  -HC,  (15) 

For  a  viscosity  range  r  4  “*1  < 


t£^  =  + '•V 

where  lC23  ci,  03  are  constants. 

and  « 'h  -5.  f.f* 

Rewrite  equation  (13) 

■wa  Imi  • 

=  K„  +  ft 

<jr«» 

where 

<5  iL  ^  A  S  t 

(fT  aiiv  — L_— 


(16) 


KP 


(17) 
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Asiwiirii  I,  A  #»  ln4fflptnd«iit  of  id,ifl;oilty  for  otcJi  fi«eoi;ltj  wiift,  tton 
K  ■  kj  \  - 

*  I  0  c  *  r 

A  '■  ®i  ) 


(U) 


A  alnglffl  «xp«:ri,i«i:nt  hat  been  perfonted  to  chtck.  thtt  ralationthlp.  Two 
liquids  wort'  ut^ad  for  the  two  vitcosity  ranges..  The  first  was  a'lOlSll' 
ethyl  alcohol  and  water  solution,  with  a  viscosity  of  2  cp  and  a  au,rfaco 
tension  of  52  dynes/ca.  The  second  solution,  50»  sucrose  and  water,  had 
a  viscosity  of  10'  cp  and  a  eurface  tension  of  63*0  dynes/cn.  The  ’two 
Jets  wore  photographed  .from,  the  subcritical  up  through  'tho'  critical  stage. 
,In  tho  subcritical  velocity  region  the  eacpondlng  conlqpl,  Jet  reac,heB  a 
aaxlaua  dlanw'ter  consistent  with  the  initial  kinetic  energy,  and  then  is 
oont,racted  to  a  ,«olli  8tre«  with  circular  cross-eoction. 

By  using  the  equation  of  continuity,  the  average  velocity  at  the 
point  of  contraction  cm  be  calouJLated  froa  a  npasureaent  of  the  c,roB8- 
sectlonal  area.  The  distance  the  Jet  travels  prior  to  the  point  of 
collapse  is  aleo  measured.  An  expres8,ion  can  be  written  for  the  average 
force  per  unit  volu,ii»'  acting  on  'the  Jet, 

mm 

"l-r  *■ 


where  ■  drag  per  unit  volume 
■  Initial  velocity 

orj.  -  velocity  at  point  of  contraction 

X  ■  measured  distance  along  Jet  to  point  of  contraction  from 
nozzle. 

U*  «  average  velocity  over  the  distance. 

In  order  to  calculate  fy  ,  a  value  of  r  must  be  known. 

It  was ' assumed  that  the  instantmeous  force  per  unit  volume  acting  on  the 
Jet  was  related  to  the  instantaneous  velocity  by  the  following  equation: 

(20) 


. . . 


iiJk 


'Wtiitrt  'I*'  ■  instantinaoui  fore*  ps'f  unit 
vT  ■  instuntmftoui  v«locity, 

*i»  •  factor'  of  proportionality,  tBSurood  conetant. 


lEtogration  and  rfflarrangoiiBEt  gi,vtt 

'ijr'i  f*- . - 

It  •- ’5''*]  -  4 


Ifll' 

whora  t  •  ttii 

•  danaity  of  Uquld 


j-*f  -r|e 


UbIm  '(21),  fair  comiatancy  In.  the  «aaured  value  ofB  for  the  jets  .having 
various  initial  velocities  In  the  subcrltical  region  justified  the  assuaiption 
of  :E(M.atlon.  (19).  This  argument  was  appl.led  to  the  jets^  in  the  crl'tl^l 
region,  and  the  drag  was  calculated  using  (18) »  Using  this  value  of  force 
of  Interaction  between  the  jet  and  the  air,  the  dissipation  was  then 
calculated  according  to  (ll)  and  (?)» 


A  in  (16)  is  known  from  the  final  velocity  and  the  diameter  of  the  Jet  at 
point  of  breakup. 


(2A) 


where  Q  ■  voluiae  flow  rate, 

-  jet  diameter  at  point  of  breakup, 
velocity  of  jet  at  breakup, 

Hence,  the  constants  K  and  A  in  (17)  can  be  calculated  and  conpared  with 
their  enpirical  counterparts  reported  in  Part  2. 


CileuiaM 


lipirie^al 


It.hfuiol 


u*" 

K 

1.00  X  10^' 

kj 

0.4  ,x,  10*' 

A 

Suo„rooe 

0.3  xlcA 

h 

1.3  X  10^ 

If 

aV 

A+5I 

1.00'  X  10^ 

6.5  X  ,10^' 

h 

l.,I  X  ,10* 

,A 

1.5  X# 

®2 

3.3  x  10* 

^  Another  method  of  cojuput.ing  the  enerfotlos  Involved  in  the  breakup 
of  the  cord, cal  Jet  involvee  the  horlBontal  component  of  .motion*  x  axte 
in  Fi,pre  ,2«« 


Fipre  il^ 


The  Jet  emerges  from  the  noiale  at  the  nozale  angle*  The  surface 
tension  opposes  the  horizontal  motion*  decreasing  the  x  component  of 
jvelocity  and  ©.  At  the  point  of  breakup  in  the  "oritical  etate”  the 
horizontal  velocity  la  zero  and  the  Jet  flows  parallel  to  the  »  axle, 

At  this  point  in  the  jet  motion,  the  kinetic  energy  due  to  the  initiaJ. 
component  of  velocity  along  x  has  been  expended  in  storing  surface 
energy  and  in  doing  dissipative  work.  There  is  no  residual  kinetic 
energy  term  for  this  component . 

The  X  component  of  dissipation  may  be  written  from  (22) 

^  (24) 

where  -  average  drag  conqjonent  along  x. 


«  portion  of  total  dissipated  energy  due  to  x  component  of 
motion. 


. . . . . 


'Tliii  'liitgratioin  It  owwr  tin  totil  boriiontal  dijiutt  irawtltd  by  a  unit 
foluii  of  jolt  l«t.|  X.ln  in  Flpira  23. 

Tbo  Jit  turfaoi  'Mill  ukt  tone  avtrago  ingli.|  l^i  irlth  ihi  Jet  ajcLi  mcb. 
thait 

f*'#  '*•  |v'  S'  (26) 


fbo  ffiorp'  equation  for  thia  component  in 

tf  R  *  ? 4»  'iJC  '«  liT  f,  /j|j4  jiir\  A 

‘  ^  T.  (  t  ir 

Hence,  an  iquatlon  for  Uie  horinontal  ooaponent  an.alogou8  to  Equation 
(13)  may  be  wltten  in  for* 
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where  6«  ■  .initial  Jet  ^angle,  l.e.,  noiale  half  angle. 

«*!  i  nla^  ), 

<.  5  V  if L 

•  jt  I  .i  •“'y  ^ 


Rewriting  (27) 


The  empirical  data  of  Part  2  can  be  plotted  in  terms  of  the  initial  kinetic 
energy  due  to  the  component  of  velocity.  For  a  viscosity  of 

0*1.1  ff*  cp,  the  empirical  equation  is  of  form; 
rr  i  A  -  .  .  _ 


For  a  viscosity  range  r* <•  h  *■  cp 
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i  in  (26)  can.  bo  approixi.inatod  geoiii6tricAl.]y*  Tho  Jot  will  havo  a  shapo 
similar  to  t.hai  in  .Figure  tf* 


such  that  Tan  5  « 

whoro  •  ritical  radius 

L  ■  distance  to  point  of  breakup  from  the  nozzle  along  the  Jet 
axis. 

S  %  ®  /l  ethanol  and  sucrose  Jets. 

Using  this  value  of  the  average  horizontal  drag  force  can  be  calculated 
from  (26),  and  k  ^  Av  W  be  confuted  and  conpared  with  the  empirical 
values .  “ 
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kjj 

lr05  X  l(^ 

^Ix 

143  X  10^' 

Sucrose 

.96  X  10'^ 

®lx 

3.5  X  10® 

2.10  X  10'^ 

1.30  X  10'^ 

2.0  xlO^ 

A,/5K,, 

11. »  x,  10^ 

10.5  X  10^ 

Discussion  and  Suana^iy  of  Pftri  4. 

There  is  "order  of  magnitude"  agreement  between  the  ejnplrieally 
deterniried  quantities  and  calculated  results  based  on  the  simplified 
model  and  the  e,xperi,iiient  performed  to  measure  the  energy  dissipation. 

The  error  involired  in  the  sinpliJiying  assusqstions  used  in  developing 
the  model  and  in  making  the  calculations  cannot  be  estimated  without 
further  work.  For  example,  neglecting  the  initial  velocity  gradient 
in  the  jet  in  computing  the  Jet-air  interaction  introduces  an  error 
udiich  might  be  capable  of  evaluation  if  a  series  of  tests  was  performed 
at  sub-atmospheric  pressures.  Qualitatively,  neglecting  the  initial 
velocity  gradients  would  have  a  tendency  to  increase  K  and  over  their 
true  value,  and  this  effect  should  be  more  pronounced  for  the  lower 
viscosity  solutions.  A  second  assumption  that  K  and  A  are  independent 
of  viscosity  in  the  two  viscosity  ranges  again  requires  further  experimental 
work  for  its  verification.  From  these  preliminary  results,  it  appears 
that  this  assumption  is  better  justified  In  the  case  of  the  sucrose 
solution  than  for  the  ethanol  solution  in  the  low  viscosity  range. 
Qualtitatively  this  is  reasonable.  The  empirical  straight-line  relation¬ 
ships  (15)  and  (16)  were  approximations  to  a  continuous  function  over 
the  entire  viscosity  range,  of  general  form. 


where  K  ■  V  ( 1;  ) 
c  ■  constant. 

The  transition  region  between  the  two  straight-line  relationships,  where 
k  is  approximately  constant,  involves  a  change  in  slope  with  viscosity. 

'XU  had  a  xnaxlmum  value  fairly  well  defined  at  tjd*"  op.  The 
accuracy  of  the  data  did  not,  however,  preclude  a  slight  variation  in  k 
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idlli  1)  Ibr  loimr  nlJCO'Stij'  viluti.  lha  aueroai  ■olutiion  falls  on  ilmi 
ragion  of  ih#  cturvi  whart  tha  slops  m§  lens  nennitivs  to  a  ctiango  in 
flseoilty. 

The  abaoluti  energy  balnea  for  both  the  ethanol  and  nnoroiie 
ooMions  using:  the  total  energy  equation  (13)  was  high,  m  th>i  "work: 
done"  Slide  by  6(|Ei  fhS'  lack,  of  agreeient  'bfitween  t.l:w  Initial  and  fiml 
energy'  'values  Is  probably  due  in  part  to  lporl.ng:  the  e.f.fect  of  Inl'tlal 
'Velocity  gradient  «  the  d.rag,  thus  increasing  the  'value  o.f  the  dissipation., 
term..  Uai.ng  the  x  -  conponent  equation  (2?)  the  balance  is  'betteri  being 
171*  and  7116  for  ethanol  and  sucrose  re8pect.:t?ely.  He.re,  the  e.Ke«s  eneirgy 
appeairs  on  the  '"l.nltitl"  side  of  the  equatl.on.  .An  explanation  for  this 
reveri.al  i.n.  error  t.rend  over  the  total,  energy  equation  ;proba.bly  lies  In  the 
evaluation  of  the  aur.face  tne.rgy  at  point  of  bre.ak:up.  This  energy  is 
insip.i.fle.tnt  In  the  total  energy  bal.ance  'wheire  residual  kinetic  energy 
and  dls.Blpation  tersis  are  larger  by  a  factor  of  100.  For  th.e  x.  -  componmt 
balance'  i.i  becomes  8i.g'nlfl€.ant. 

The  8'u.r.fac.e  ener,gy  was  calculated  on.  the  ass'uiiiption.  of  a  uniform 
annular  cross  iectl.on  at  'the  breakup  point  of  the  Jot.  This  asaiusiptlon 
is  more  justifiable  .in  the  case  of  the  higher  'viscosity  sucrose  jet  th.an 
for  ethanol,  where  surface  irreplari ties  are  more  pronounced.  Th.e 
.surface  energy  per  unit  'volume  .at  the  poin't  of  bre.ak:up  is  given,  byi 

T4iiere'*“«  surface,  tension, 

T2  '•  jet  sheet  thickness,,  assumed  uni.fom. 


T2  W'as  calculated  fr'Ora  the  equation  of  continuity  and  U'le  8u.rfa.ee  enor,gy 
computed  from  this  "apparent"  thickness.  The  values  for  ethanol  and 
8'uc.roae  are  given  belowt 


Apparent  Initial 

thickness _ thickness _ 

Bthanol  23.0  x  lO"^  cm.  22.0  x  10"^  cm. 

Sucrose  14.7  x  22.0  x  10“^ 

The  apparent  thickness  of  the  ethanol  jet  indicates  a  decrease  in  surface 
energy  per  unit  volume  as  the  jet  expands.  This  is  not  physically 
reasonable.  An  "effective"  thickness  can  be  calculated,  using  equation 
(26)  which  would  afford  a  better  approximation  of  the  stored  surface 
energy,  i.e.,  better  indicate  the  increased  surface  area  per  unit 
volume. 
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This*  values  are  found  to  bei 

Ethanol 

il’ 

Sucrolu 

1 

KlTiotivt  ihlc;kntss 

9.9  X  10"*3  ei. 

6.1  X  10“'3 

CIIUi» 

Tlie  valuet  obt'died  for  tbe  'partitioning  of  energy  In  the  'tuo  Jets 
are  given  in  Table  111. 

TABLE  III 

Solution 

Total  Energy 

I-Ckaponeni 

libanol 

"Effective  T2" 

"'Apparent 

T9" 

•C 

Initial  Klmtlc  Energy 

0.ai7  X  10^  ergs/cii^ 

23,700 

23,700' 

Residual  Kinetic  Energy 

0.163  X  10^ 

0 

0 

Disaipated  Energy 

1.120  X  10^ 

17,900 

17,900 

Final  Surface  Energy 

10,52? 

10,527 

4,900 

Increase  in  Surface  Energy  5,780 

5,800 

-200 

Sucrose 

Initial  Kinetic  Energy 

4.823  X  10^  ergs/cit^ 

140,000 

140,000 

Residual  Kinetic  Energy 

0,740  X  10^ 

0 

0 

Dissipated  Ener,gy 

6.760  X  10^ 

125,200 

125,200 

Final  Surface  Energy 

20,527 

20,527 

8,600 

Increase  in  Surface  Energy  Q,300 


14,800 


3,500 
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3tw;ril  •  priori  »TOoth«®ft  'urt  fugpitad  l,o.  Part  2  to  aafltln  th« 
dtpoBdmco  of  tho  efjtrgy"  on  Tlicoaity, 


1.  Incrttiid  Jot  stability  iiKlucod  by  an,  .incroaso  in  th«  viscosity 
of  ths  .llqpld,  allow!, Bf  non  wD,rk  to  'b«  dow  in  storing:  sorfact 
snargy  and  against  frio,tion,al,  forest, 

2#  Inorsatsd  dl,asi:patlon  as  a  rssult  of  i,ne:rfaa«d  visooslty, 

Tlif  da:ta  in  Tabls  HI  ,indl'Cata  tbat/both  th,s,o«  offsets  «xl„oi,  Tht 
groator  iiic,rsiato  in  sirfaeo  owrgy  of  hlghor  vl,toi08ity  toeroio  soMtion 
roswlts  from  a  siMi,Il,6r  sboot  thicknoss  of  tho  Jot  at  broakiap  ,Bi,aeo  tlio 
snrfaco  ton,BloEs  of  W:i«  two  liquids  art  approxlaatoly  aqual.  And  secondly, 
tho  dissipation  of  energy  ,in  tho  two  Jots  ,lo  appro, xl,iait©,ly  pro;|)ortio,nal  to 
tho  respootivo  fiicosltlos.  Using  tho  »'off#ct:lve  'yi,loknoi8«  vtl,oos,,  75I« 
of  tho  ini,tlal  energy  avai,lablo  for  work  in  storing  surface  oEo,r:gy  is 
oaqpenAd  in  ovorcomlng  dissipative  loos  in  tho  case  of  the  ethanol  Jot, 
and  88|jb  is  6i,uilarly  expended  by  the  sucrose  Jet, 

The  "noailo  ef,ficionc,lee%  defined  as  the  ratio  of  the  Incrotse  in 
surface  energy  to  the  initial  kinetic  energy  available  for  the  increase, 
are: 

'Hi 

Ithmol  2Jk.iS 

Sucrose  10,5SS 

On  the  basis  of  efficiency,  tho  relative  gain  in  stored  surface  e:ne,rgy 
effected  by  increasing  the  viscosity  of  the  liquid  is  counteracted  by  a 
greater  energy  dissipation. 
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liquid  dfliiBl'ty 
orltlcil  liquid,  ftlocity 
liquid  aurfio*  tin.ii.on 
liquid  Tiacoalty 
Jet  t;h,ickr)i#a 

uoiale  orifice  croti  eectional  area  normal  to  8trea»-lln,e8 

noBule  efficiency,  equal,®  ratio  of  change  i:n  surface  energy 
to  initial  KE  afailable  for  o;on8®:nfatife  work, 

total  ,noaBle  efficiency,  eqttal,s  ratio  of  surface  energy/unit 
volume'  at  breakup  to  Initial  potent:lal  e',norgy/vol.  in  nonale 

absolute  te»|)eratare 

average  velocity  gradient  in  liquid 

average  sheet  thickness  over  Jet  le',n,gth 

drag  force  on  sheet  surface  by  interaction  with  atmosphere 

average  force  exerted  on  outside  Jet  layer  by  inner  jet 

average  initial  jet  velocity 

average  final  jet  velocity 

average  force  retarding  Jets  motion  perpendicular  to  jet  axis 

length  of  jet 

element  of  jet  length 

radius  of  annular  orifice 

annular  width  of  orifice 

noszle  half  angle 

volume  flow  rate  through  nozzle 


dlMlpatfd  dmrgj'  in  fr«i  J«t 

dliiiiittr  O'f  flr«€  Jfi 

initial  kintlic  aniTgy  ptr  imit  volwin# 

ffurfac®  ttnargy  par  unit  voluKii 

total  surfaca  anorgj  undar  iaotheriMl  ooMitionn 

enargr  axchanged  to  atiinoaphori  'bj  tho  frte  Jot 

potontlal  enorgy  poT  unit  voluii*  of  liquid  at  otapatlon 
point  In  noKttlo 

omrgj'  diaolpated  por  mlt  voluno  In  tho'  nonalo: 

klnatlc  ono'irgy  imarted  to  tho  air  by  a  unit  voluio  of  the 
free  Jet 


average  veloo.ity  of  tho  Jot  over  the  Jot  l©,ngth 
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